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Abstract

In part I of the paper we develop a likelihood-ratio based procedure for testing for a change in
the hazard rate of the exponential lifetime distribution when the test subjects enter at random
times and the Type I censoring occurs. First we show that the profile log-likelihood ratio process
converges weakly to a non-stationary Gaussian process. By suitable transformation we show that
the limiting process becomes the Ornstein-Uhlenbeck process and derive the critical values of the
test by considering the tail distribution of the supremum of the Ornstein—Uhlenbeck process. We
consider the power of the test by Monte Carlo simulation.

In part II, under the same setting as in part I we consider the interval estimation for the hazard
rate change using the local likelihood ratio approach. We establish the weak convergence of
the approximate local likelihood ratio process and obtain the closed form for the approximate
distribution of the supremum of the limiting process which does not depend on the change point.
By inverting the log likelihood function, we construct a confidence interval for the change point.
Using Monte Carlo simulation we compare the empirical coverge probability of the confidence
interval with nominal confidence level and discuss the effect of smoothing of the log-likelihood
function on the coverage probability and length of the interval.

1 Testing for a change in the hazard rate with staggered entry

1.1 Model setup

Suppose that the patients enter the treatment at times 0 < 73 < 79 < ---, following a Poisson process with
rate v. Let N be the total number of patients entered in the time interval [0,T]. For i = 1,..., N, let Y; be
the survival time of the ith patient; and suppose that the distribution of the Y; is of the form

Are MY ify <w;
fy(y) = { Age~Mr=X2(y=v) jf Yy >,

where 0 < A1, A2, v are unknown parameters. That is, the failure rate may change at an unknown time v.

The model is irregular in that  only has meaning if A\; # A\o. Moreover, in this setup, testing the presence
of change point v is translated to testing the hypothesis Hyg : Ay = Ay vs. Hy : A1 # Aso. In the first part of
the paper, we develop a test based on the observations

X; =min(Y;, T — 7;)
and
6 =1Y; <T -}

where 1{A} denotes the indicator of A. Let ¢ [\1, A2, V] denote the log-likelihood function. Then the profile
log-likelihood ratio statistic A for testing Hy versus H; for a fixed change point v is

AW) =LA (v), Aa(v),v) — L\, N)



where A1 (v) and Ay(v) are the maximum likelihood estimators (MLE) of A; and Ag, respectively, and X is
the MLE of the common hazard rate A under Hy.

The test depends on two design parameters 0 < a < b < 1 and rejects Hy if the supremum of A(v) where
aoT < v < T is larger than a certain critical value. Inclusion of a and b here is necessary because a change
point at v = 0 or v = T is indistinguishable from H; within the context of the model. Given so, the test
only looks for changes that occur between a7 and bT.

1.2 Other studies

A log-likelihood based test for change point in the hazard rate is not new. In a different formulation,
Matthews and Farewell (1982) considered the testing problem using uncensored observations. Based on
Monte Carlo simulation, they suggested that moderate amount of Type I censoring has little impact on the
null distribution of the test statistic.

Worsely (1988) obtained the exact null distribution of a restricted version of the likelihood ratio test
statistic. He showed that the null distribution remains unchanged under Type II censoring. He also showed
that the distribution heavily depends on the interval to which the change point is assumed to belong.

Loader (1991) considered the problem and concluded, using a heuristic argument, that the effect of
random censoring on the significance level of the test to be relatively minor.

Matthews and Farewell (1985) studied the testing problem using the normalized score statistic and showed
that the score process converges weakly to an Ornstein—Uhlenbeck process when the hazard rate is known
and to a Brownian bridge when the hazard rate is unknown.

Our approach differs from these early studies in that the model allows random entry time (staggered
entry) and the Type I censoring is explicitly built into the model.

1.3 Main result

It can be shown that twice the log-likelihood is equal to the square of a normalized process Z,(v), say, plus
a remainder term that vanishes as n tends to infinity. Furthermore, we can prove that under Hy, for any
0 <a<b<l, Z,(v) defined on [a,b] converges in distribution to a Gaussian process Z(v) on the same
interval. The limiting process Z(v) has zero mean and unit variance and the covariance function

plvr, ) = \/gl(l/l Avg) - ga(vy Vi)

g1(v1 V v2) - ga(vh A ve)

for certain functions ¢;(v) and g2(v).

In order to obtain critical values for the test, we need to compute the tail probability of the supremum of
the absolute value of Z(v). In general, finding the supremum distribution of a nonstationary Gaussian process
is a difficult problem and it usually requires extensive Monte Carlo simulation to determine the critical values.
Fortunately, in this case we can find a suitable transformation that transforms the nonstationary Gaussian
process to an Ornstein—Uhlenbeck process whose properties have been extensively studied in the literature.
Approximate tail probability of sup,<,«;|Z(v)| can be derived by the transformation and application of
Theorem 12.2.9 in Leadbetter, Lindgren and Rootzén (1983).

1.4 Simulation

Monte Carlo simulation study shows that, not surprisingly, the sup distribution is far more affected by
the length of the considered subinterval [a,b] and much less so by the actual location of the interval. The
power functions show U-shaped patterns, typical for two-sided tests. Interestingly, the power function are
not symmetric. In general the test has greater power when A\; < Ay then when A\; > Ag. This interesting
asymmetry can be explained by the Hellinger distance. Since we would expect any properly constructed test
to correctly reject the null hypothesis when the true underlying distribution is far from the null distribution,
greater Hellinger distance imply higher power and in fact a routine calculation shows that the distance
function is greater when A\; < Ay then when A\; > Ay even though the parameters may have the same
absolute difference. Power function tends to decrease as the true change point is located on the right side of
the considered interval.



2 Interval estimation for change point in the hazard rate

2.1 Model setup and background

In the same setup as above, we consider the problem of constructing a confidence interval for the change
point. Two main approaches for the interval estimation of change point are based on: (1) limiting distribution
of the MLE as Yao (1986) derived under some constraint, and (2) inversion of the log-likelihood process as
in the works by Siegmund (1988) and Loader (1991).

By the jagged nature of the log-likelihood function, the inversion produces a confidence set consisting of
disjoint intervals and Siegmund advocated the use of a single connected interval encompassing all the disjoint
intervals and we follow his suggestion regarding confidence interval construction.

Loader applied the inversion technique to a change point confidence interval construction under expo-
nential random censoring in a non-staggered entry scenario. Our work is different from their results in that
the random entry time is allowed as well as Type I censoring is built into the model. Asymptotic theory
based on local likelihood ratio process near the change point is also new.

2.2 Main result

The local likelihood ratio process Z,(u) can be approximated by its two-term Taylor expansion Z7(u) and
we can prove that as v — oo, Z] (u) weakly converges to a process Y (u), say, in the Skorohod space Dl[a, b]
for any —0co < a < b < oo. Furthermore, we can approximate the distribution of the supremum of Y (u) by
a function F*(x). That is, we can write

P {sgp Y(u) < z} ~F*(z)=(1-e*)(1—-e"k(A1/X2))
where

w(z) = l—z+zlogz —sen(log)
\z—1-logz '

Notably, this approximating function is independent of the change point. For a given a > 0, we can compute
¢ = ¢(a) from the equation
F*(c)=1-«

and for this particular value of ¢, an approximate 100(1 — «)% confidence interval for v can be obtained by
inverting the log-likelihood function.

2.3 Simulation

Monte Carlo simulation study shows that the confidence intervals constructed in this way tends to cover the
true change point more often than the nominal coverage probability. To alleviate this excessive coverage
probability of the confidence interval, we consider the nonparametric smoothing of the log-likelihood function
prior to the inversion. We note that the usual criterion for smoothing such as cross validation does not work
because the construction of change point depends on only a very small portion of the likelihood function and
the data driven smoothing tends to completely wipe out the are, defeating the very purpose of smoothing.
Evidences from simulation indicate that a small amount of smoothing is preferred because it substantially
reduces the excessive coverage probability and shorten the average length of the confidence interval.

Acknowledgements

The research of the first two authors was partially supported by the National Science Foundation and the
U.S. Army Research Office.

References

Billingsley, P. (1968). Convergence of probability measures, New York: Wiley.
Billingsley, P. (1986). Probability and measure, 2nd ed. New York: Wiley.



Breslow, N. and Crowley, J. (1974). A large sample study of the life table and product limit estimates
under random censorship. Ann. Statist. 2(3), 437-453.

Coad, D. S. and Woodroofe, M. B. (1996). Corrected confidence intervals after sequential testing with
applications to survival analysis. Biometrika 83(4), 763-777.

Coad, D. S. and Woodroofe, M. B. (1997). Approximate confidence intervals after a sequential clinical
trial comparing two exponential survival curves with censoring. J. Statist. Plann. Inference 63,
79-96.

Davies, R. B. (1977). Hypothesis testing when a nuisance parameter is present only under the alternative.
Biometrika 64, 247-254.

Feller, W. (1971). An introduction to probability theory and its applications, 2nd ed. Vol. 2, New York:
Wiley.

Friedman, J. H. (1984). A Variable Span Smoother. Tech. Rep. No. 5, Laboratory for Computational
Statistics, Dept. of Statistics, Stanford Univ., California.

Ibragimov, I. A. and Has'minskii, R. Z. (1981). Statistical estimation: asymptotic theory. New York:
Springer.

Leadbetter, M. R., Lindgren, G. and Rootzén H. (1983). FEztremes and related properties of random
sequences and processes, New York: Springer.

Loader, C. R. (1991). Inference for a hazard rate change point. Biometrika 78, 749-757.

Matthews, D. E. and Farewell, V. T. (1982). On testing for a constant hazard against a change-point
alternative. Biometrics 38, 463-468.

Matthews, D. E. and Farewell, V. T. (1985). On a singularity in the likelihood for a change point hazard
rate model. Biometrika 72, 703—704.

Serfling, R. J. (1980). Approzimation theorems of mathematical statistics. New York: Wiley.

Shorack, G. R. and Wellner, J. A. (1986). Empirical processes with applications to statistics. New York:
Wiley.

Siegmund, D. (1985). Sequential analysis: tests and confidence intervals. Springer Series in Statistics.
New York: Springer.

Siegmund, D. (1988). Confidence sets in change point problems. International Statistical Review 56(1),
31-48.

Woodroofe, M. B. (1985). Estimating a distribution function with truncated data. Ann. Statist. 13(1),
163-177.

Worsley, K. J. (1988). Exact percentage points of the likelihood-ratio test for a change-point hazard-rate
model. Biometrics 44, 259-263.

Yao, Y. (1986). Maximum likelihood estimation in hazard rate models with a change-point. Commun.
Statist.-Theor. Meth. 15(8), 2455-2466.



